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CONSPECTUS 
 
Chiral phosphoric acids have become powerful catalysts for the stereocontrolled 
synthesis of a diverse array of organic compounds. Since the initial report, the 
development of phosphoric acids as catalysts has been rapid, demonstrating the 
tremendous generality of this catalyst system and advancing the use of phosphoric 
acids to catalyse a broad range of asymmetric transformations ranging from Mannich 
reactions to hydrogenations through complementary modes of activation. These 
powerful applications have been developed without a clear mechanistic understanding 
of the reasons for the high level of stereocontrol.  
This account describes investigations into the mechanism of the phosphoric acid 
catalyzed addition of nucleophiles to imines, focussing on binaphthol-based systems. 
In many cases, the hydroxyl phosphoric acid can form a hydrogen bond to the imine 
whilst the P=O interacts with the nucleophile. The single catalyst, therefore, activates 
both the electrophile and the nucleophile, whilst holding both in the chiral pocket 
created by the binaphthol and constrained by substituents at the 3 and 3' positions.  
Detailed geometric and energetic information about the transition states can be gained 
from calculations using ONIOM methods that combine the advantages of DFT with 
some of the speed of force fields. These high-level calculations give a quantitative 
account of the selectivity in many cases, but require substantial computational 
resources. A simple qualitative model is a useful complement to this complex 
quantitative model.  
We summarize our calculations into a working model that can readily be sketched by 
hand and used to work out the likely sense of selectivity for each reaction. The steric 
demands of the different parts of the reactants determine how they fit into the chiral 
cavity and which of the competing pathways is favored. The preferred pathway can be 
found by considering the size of the substituents on the nitrogen and carbon atoms of 
the imine electrophile, and the position of the nucleophilic site on the nucleophile in 
relation to  the hydrogen-bond which holds it in the catalyst active site. 
We present a guide to defining the pathway in operation allowing the fast and easy 
prediction of the stereochemical outcome and provide an overview of the breadth of 
reactions that can be explained by these models including the latest examples.  
INTRODUCTION 
Chiral phosphoric acids (CPA) have become very popular catalysts in organic 
synthesis. The addition of nucleophiles to imines is an important field and constitutes 
the largest substrate class for these reagents. A variety of nucleophiles have shown to 
participate efficiently, enabling the formation of multiple types of bonds, (C-C, C-O, 
C-S, C-N, C-P and C-H) in an asymmetric fashion (Figure 1). The versatility, mild 
conditions and functional group tolerance makes this type of catalyst very appealing. 
The stereochemical outcome in these reactions is controlled by the substituents at the 
3,3’ position. Although no catalyst is optimal for all combination of reactants, large 
substituents are required for high stereoselectivity. TRIP, which was developed by 
List1 and has 2,4,6-triisopropylphenyl groups in the 3 and 3' positions, is by far the 
most versatile and selective catalyst reported to date.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Examples of nucleophilic addition imines catalyzed by phosphoric acids. 
Red indicates the functionality added to imine.  
 
Phosphoric acids catalyse these transformations through multiple mechanisms and 
numerous experimental and computational studies are now generating a good 
mechanistic understanding of the reasons for stereoselectivity. Several review articles 
summarize the wide variety of reactions;2-3 recent reviews have focused attention on 
defining reactions by mode of activation.4-5 This is an account of computational 
investigations using QM/MM hybrid methods into understanding the mechanism and 
origins of enantioselectivity. The results of the calculations are summarized into a 
simple qualitative model allowing the rapid prediction of stereoselectivities.  
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PHOSPHORIC ACID CATALYZED TRANSFER HYDROGENATION 
The transfer hydrogenation of imines by Hantzsch esters was an early example of a 
transformation catalyzed by phosphoric acids (Figure 2).6-8 At that time there were 
two plausible mechanisms (Figure 3). The first, Mechanism_A, involves activation of 
the imine through a single hydrogen bond, in which the Hantzsch ester approach 
should be preferred on one face. An alternative, Mechanism_B, involves the 
activation of both the electrophile and the nucleophile by the catalyst. Investigations 
on the Mannich,9 aza-ene,10 Friedel-Crafts,11 and hydrophosphonylation12 reactions 
have also concluded a similar mechanism could be in operation. We expressed a 
preference for Mechanism_B, as the substrate bound to the catalyst via a single 
hydrogen bond was too flexible to account for the high enantioselectivity, although 
there was experimental evidence based on X-ray diffraction studies of imine-catalyst 
complex in support of Mechanism_A.8 Terada et al. also suggested that a similar 
process to Mechanism_A could be in operation in the Mannich reaction. 13 - 14 
Yamanaka and Akiyama have proposed activation by bifunctional coordination to an 
imine.15 We label this Mechanism_A rather than Mechanism_B because only the 
electrophile is activated not both the electrophile and the nucleophile. 
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Figure 2. BINOL-phosphoric acid catalyzed transfer hydrogenation. The MacMillan 
synthetic protocol8 differs from the Rueping approach6 as the imines were not pre-
formed. The overall transformation, however, was the same.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Mechanistic proposals for the transfer hydrogenation reaction 
Using a simplified model, 1,3-butadiene-1,4-diol-phosphoric acid, as the catalyst we 
calculated which of the mechanisms was most likely using DFT (Figure 4).16 The 
study revealed four unique transition states for Mechanism_B, evenly divided between 
E and Z configurations of the imine. Due to the open, flexible, nature of 
Mechanism_A, twelve transition states were found, also evenly divided between E and 
Z imine configurations. The relative energies of these competing transition states 
showed that Mechanism_A was strongly disfavored relative to Mechanism_B, where 
the hydrogen atoms are transferred between reactants and catalyst in a concerted 
fashion. Another possible mode of activation involves protonation of imine and a 
single interaction from the phosphate catalyst with NH of the Hantzsch ester; we call 
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this Mechanism_C. As with Mechanism_A, Mechanism_C was strongly disfavored 
relative to Mechanism_B. The transition structures in which the imine has a Z 
configuration are lower in energy compared to E. Although calculations show that the 
E–imine ground state is more stable by 2.9 kcal mol-1, a fast E/Z equilibration is 
expected and so the reaction should proceed through the lowest transition state 
pathway, following the Curtin-Hammett principle. Mechanisms have been reported 
for the acid catalyzed E/Z isomerisation of imines, including protonation-rotation and 
addition-rotation-elimination. 17  Lack of resonance stabilization and greater steric 
interactions between the phenyl and methyl groups in the imine all contribute to the 
destabilisation of the E transition state. Rueping constructed a model based on an X-
ray crystal structure of the phosphoric acid catalyst.6 In this model, he placed the 
imine in a Z configuration and the nucleophile approached from the less-hindered 
face, reproducing the sense of stereoinduction observed experimentally.  
 
 
Figure 4. Lowest energy transition states for the model catalyst 
 
Model for Stereoselectivity  
To probe the origins of stereoselectivity transition states using the full catalyst system 
were located. To reduce computational time, simpler molecules were used as 
substrates in the calculations: para-methoxyphenyl (PMP) was replaced by phenyl; 
dimethyl Hantzsch ester was used instead of diethyl. We performed high-level two-
layer ONIOM calculations using the Gaussian package.18 Our group has successfully 
investigated the enantiodetermining step of many phosphoric acid catalyzed reactions 
using this method.16,19-24 These calculations demonstrated that molecular mechanics, 
despite being computationally very cheap, was sufficiently accurate to describe the 
steric environment of the BINOL scaffold; the chemically relevant part, bond 
breaking and making, was investigated using QM methods (Figure 5). A 
benchmarking process determined UFF offered a better description of the rotational 
barrier of biphenyl when compared to semiempirical methods, so it reproduces well 
the position of the bulky groups attached to the BINOL. The failures of popular 
density functionals, including B3LYP,25-26 to describe dispersion effectively are well 
documented27 and this has the result that the prediction of critical binding energies is 
too small in many reactions. The Minnesota meta-GGA functionals developed by 
Truhlar,28-29 have been parameterized to include dispersion effects and their use has 
become routine in the study of dispersion dominated systems. Geometry optimization 
with ONIOM(B3LYP/6‐31G(d):UFF) followed by single-point calculations 
(MPWB1K/6‐31G**) in toluene with polarizable continuum model (PCM) was 
performed in this study. By combining MM and QM, the speed of the calculations is 
dramatically increased without compromising the precision for this many-atom 
system. The additional single-point calculation is required to accurately describe the 
multiple interactions leading to overall catalytic effect. Applying this energy 
correction allows improved comparisons of calculation with experiment.  
 
  
 
 
 
 
 
Figure 5. ONIOM partitioning in the phosphoric acid catalyzed transfer 
hydrogenation. Blue indicates atoms treated with MM; black indicates atoms treated 
with QM.  
 
 
Computations of the full catalyst systems have led to the development of the model 
depicted in Figure 6. This is based on a projection of the catalyst such that both the 
BINOL oxygens are in the plane of the paper. The free oxygens are above and below, 
each having bulky substituents on either side. Alternatively, the chiral scaffold can be 
modelled by a quadrant diagram, in which quadrants I and IV are equivalently 
hindered. The reagents reside in the empty quadrants. Such a model originally 
proposed by Terada14 and Himo 30  has become popular to explain the 
stereoselectivities of numerous phosphoric acid catalyzed reactions.  
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Figure 6. Alternative views of the phosphoric acid catalyst 
 
The catalyst binds to the substrate via the catalyst hydroxyl group and there is a 
second interaction from the phosphoryl oxygen to the nucleophile proton. The C2 
symmetry of the phosphate anion allows us to draw the imine at the front of the 
diagram without loss in generality. The N-substituent can be directed away from the 
front of the 3,3’ which we label Type I or towards the 3,3’ which we label Type II. 
Additionally, the imine can exist as the E or Z stereoisomers, which is defined based 
on steric size. In each case the nucleophile is delivered from behind (Figure 7).  
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Figure 7. Transition state models for the prediction of stereoselectivity 
 
Both catalysts favored a Type I Z pathway. Several interactions account for such a 
preference. The unfavorable steric clash between the large phenyl substituent and the 
3,3’ disfavors the E transition state relative to the Z. Similar steric interactions 
between the N-substituent and the 3,3’ group disfavors Type II relative to Type I.  
The calculations also capture the increase in stereoselectivity observed when 
MacMillan’s catalyst (CPA-2: Figure 2, R1 = SiPh3) was employed. Relative 
populations of transition states were predicted at the temperature they were performed 
from electronic energy differences and based on Boltzmann distribution analysis. The 
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computed enantiomeric excess (ee) for Rueping’s catalyst (CPA-1: Figure 2, R1 is 
phenyl with two meta-CF3 groups) was 70 % ee and 97 % ee for MacMillan’s (CPA-
2), which are very close to the experimental values, 72 % and 93 %, respectively 
(Figure 2). List and co-workers reported a similar protocol to Rueping’s.7 Improved 
enantioselectivities were reported when TRIP (CPA-4: Figure 1, R1 is tri-isopropyl-
phenyl) was used as the catalyst. Although the precise mechanism was unclear, the 
Rueping group expanded the scope of the transfer hydrogenation to quinolines.31 In 
such a substrate only the Z imine configuration could exist. This produced the same 
sense of stereoinduction as with the transfer hydrogenation reaction, which provides 
further evidence of the participation of a Z imine in the transition state, reinforcing 
Rueping’s original suggestion. Himo et al. also observed through DFT calculations 
that the chiral phosphate acts as a bifunctional catalyst in their theoretical study of the 
transfer hydrogenation reaction of phenyl ketimines.30 Expressing the importance of E 
and Z imine stereoisomers for the stereochemical induction, the group determined that 
the more compact Z iminium transition state was energetically more feasible than E. 
Yamanaka et al. have reached similar conclusions in their theoretical investigation 
into the mechanism of transfer hydrogenation of ketimines by benzothiazoline.32 In 
their studies they also investigated the substituent effect of the phosphoric acid. 
Through calculating the diastereomeric transition state structures for each of the 
catalysts it was determined that the larger substituent enforces stereoselectivity. The 
4.9 kcal mol-1 energy difference between the Type I Z and Type II Z in the TRIP 
catalyzed process is reduced to 1.5 kcal mol-1 with the 9-anthryl derived catalyst 
reproducing the trend observed experimentally. Shortly after the emergence of chiral 
phosphoric acid catalyzed transfer hydrogenations, the List group expanded this 
further with their investigations of the asymmetric reductive amination of aldehydes 
via dynamic kinetic resolution. 33  A crucial practical requirement was the 
hydrogenation would be faster for one imine enantiomer than the other. Under 
reductive amination conditions rapid racemisation of the imine would occur through 
imine/enamine tautomerisation, setting up a dynamic kinetic resolution. Using this 
system, good to excellent enantioselectivities were achieved with a range of 
substrates. Detailed calculations by Himo have investigated the origins of 
enantioselectivity, in which they determine that the reaction proceeds through the S-
E-imine.34 
 
PHOSPHORIC ACID CATALYZED STRECKER REACTION 
Our discoveries about the Hantszch ester hydrogenation lead us to re-examine the 
related Strecker reactions reported by Rueping (Figure 8).35-36 Both imines undergo 
stereoselective cyanide addition to afford the corresponding α-aminonitriles in good 
to excellent enantiomeric excess. The reaction of ketimines lead to lower levels of 
selectivity and modification of the 3,3’ substituent did not lead to an improvement. 
Intriguingly, the reaction of imine 1 produces the opposite sense of stereoinduction 
than the transfer hydrogenation reactions (Figure 2).35 Recognizing this, the authors 
constructed a model based on the X-ray crystal structure of the phosphoric acid, in 
which the imine was in the E configuration and the nucleophile approached from the 
less hindered face. The configuration of the stereogenic center in 4 was not 
determined. 
 
 
 
 
Figure 8. Examples of phosphoric acid catalyzed Strecker reactions reported by 
Rueping.35-36  
 
Rueping proposed a stepwise mechanism, in which the phosphoric acid catalyst 
initally protonates the imine, activating it towards nucleophilic attack by the hydrogen 
cyanide. Recovering the proton from the protonated nucleophile then regenerates the 
phosphoric acid. The mechanism could also proceed through simultaneous hydrogen 
bonding interactions to electrophile and nucleophile analogous to our studies with the 
transfer hydrogenation of imines.16 The preferred reaction pathway was determined 
using the model phosphoric acid as before. We considered four pathways summarized 
in Figure 9. Transition states in which the catalyst establishes a single interaction 
with HCN lead to Mechanism_D. The catalyst can establish two points of contact to 
the reactants leading to Mechanism_E. This would afford an alkylisocyanide that 
could rearrange to form the product.37 These transition states were calculated to be 
disfavored relative to Mechanism_F in which the catalyst binds to hydrogen 
isocyanide through the phosphoryl oxygen and a second interaction from the Brønsted 
acidic site to the imine. This analysis suggests that the isomerisation of hydrogen 
cyanide is faster than the addition to the imine. The calculated energy barrier for 
isomerization catalyzed by the phosphoric acid is 23.5 kcal mol-1. Amines generated 
in the reaction may also participate in this process. The energy barrier mediated by 
ammonia was calculated to be 19.9 kcal mol-1. The energy barrier for isomerisation is 
smaller than any of the reactions involving hydrogen cyanide suggesting a rapid 
isomerisation followed by addition. HCN attacking through the carbon rather than the 
nitrogen leads to Mechanism_G. The Z transition state corresponding to 
Mechanism_G was never located; attempted geometry optimisation led to 
rearrangement to the isomeric Mechanism_F Z TS. As with the transfer 
hydrogenation of phenyl ketimines, the model studies showed a preference for a Z TS. 
 
 
Figure 9. Calculated lowest energy transition states for the model catalyst. Energies19 
given in kcal mol-1. The imine stereoisomer depicted was calculated to be lower in 
energy for this mechanism. 
 
Model for Stereoselectivity  
The models depicted in Figure 7 are used to rationalise the stereoselectivities. In line 
with the model studies N-benzyl ketimines proceeded through a Type I Z transition 
state. Relative populations of transition states were predicted at 298 K from electronic 
energy differences and based on the Boltzmann distribution analysis. The calculation 
suggests that the R product should be formed in 58% enantiomeric excess in 
accordance with experiment although the absolute configuration was not determined. 
For benzaldehyde-derived benzyl imines the reaction proceeds via Type I E pathway, 
agreeing with Rueping’s original conformational analysis of the proposed interaction 
of the phosphate anion and the iminium ion. Although Type I Z transition states are 
more compact, the energy required to rotate the phenyl group is greater than the 
energy of the steric interactions with the 3,3’ substituents.  
 
PHOSPHORIC ACID CATALYZED FRIEDEL-CRAFTS REACTION 
The bifunctional mechanism can also be applied to the Friedel-Crafts reaction as 
proposed by Zhou, supported by experimental studies.11 The group noted that 
protecting the indole lead to no reaction, supporting the importance of a productive 
binding site to the catalyst via a hydrogen bond to this position. Indeed, such a 
strategy has become a standard experimental test of the bifunctional mechanism. In 
each of the reactions studied so far, the nucleophile has been symmetrical, unlike 
indole.16,19 Focussing our efforts on two literature examples reported by Zhou11 and 
You 38  (Figure 10), we expanded our model (Figure 7) to account for the 
stereoselective outcome of such reactions.20 There are sixteen reasonable 
diastereomeric transition states for these reactions, resulting from Type I or Type II 
pathways, four different arrangements of the imine and two orientations of the indole. 
Our model studies allowed us to reduce this number to eight, as the energy differences 
between the E and Z configurations are so large that not even the catalyst steric 
interactions could change this preference.  
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Figure 10. Friedel-Crafts reactions of indole and imines reported by the groups of 
Zhou11 and You38.  
 
Model for Stereoselectivity  
In both reactions only four of the transition states are significant for the prediction of 
stereoselectivity. There were two possible arrangements of imines, Type I and Type II 
and two possible arrangements of the nucleophile, exo and endo. In the lowest energy 
transition state structures, the large indole is directed to one side of the catalyst that is 
not occupied by the bulky catalyst group, minimising steric interactions. The lowest 
TS corresponds to a Type II pathway; in this conformation the acyl group is directed 
towards the 3,3’ but the steric interactions are reduced as the imine tilts. This allows 
the largest substituent, the phenyl group, to be placed furthest from the bulk of the 
3,3’ substituents. Larger N-substituents adopt a similar tilted disposition, but the 
interactions with the 3,3’ substituent and this larger group are much more costly. As 
shown in Figure 11 the Type I pathway with tosyl-imines is now highly favored. In 
agreement with experiments a reversal in stereochemistry is expected (Figure 10).  
 
  
 
 
 
 
 
 
 
 
 
 
 
Figure 11. Models to predict the enantioselectivity in Friedel-Crafts reactions of 
indoles to acyl-ketimines (top) and tosyl-aldimines (bottom). 
 
USING THE MODEL TO PREDICT STEREOSELECTIVITIES 
The models for stereoselectivity depicted in Figure 7 not only predict the 
stereoselectivity of the reactions described above, but can also be used to rationalise 
the stereochemical outcome of many nucleophilic additions to imines. Combining all 
possible considerations, a total of four possible transition state pathways are 
formulated and, as demonstrated above not all reactions proceed via the same one. 
Through detailed DFT calculations and literature results we have generalised and 
summarized which effects dictate the favored reaction pathway allowing the model to 
become a powerful predictive tool. In general most reactions proceed via Type I E 
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pathways. However, this preference can be modulated by the sterics of the reactants. 
In the next section we discuss our guiding principles to reaction pathway 
classification and give an overview of reactions for which it is useful.  
  
E or Z transition state: Imine Configuration 
E imines are more stable than Z imines and this energy difference is maintained in the 
transition state. Consequently, aldimines have a larger difference between the E and Z 
forms and so proceed via E transition state pathways. Early mechanistic studies by 
Terada et al. suggested a mono-activation mechanism could be in operation in the 
Mannich reaction.14 Guided by calculations on the pre-reaction complexes of the 
phosphoric acid catalyst and the imine (B3LYP/6-31G* geometry optimizations), 
Terada proposed two diastereomeric transition states. Both featured a single hydrogen 
bond to the E-imine. Structure 6 would be disfavored due to steric clashing between 
Boc and the large 3,3’ substituents (Figure 12). Addition of acetylacetone to the less-
hindered face would afford the major enantiomer. In accord with our previous DFT 
studies16,19-21 and those of others30,32,34,39-41 we conclude that the electrophile and 
nucleophile are activated simultaneously, creating a rigid network capable of inducing 
high enantioselectivity. The successful realisation of such a strategy constituted a 
highly general method of addition of protic nucleophiles to imines summarized in 
Figures 13, 14, 16 and 17.  
  
 
 
 
 
 
 
Figure 12. Proposed models for stereoselectivity for Mannich reaction. 
 
 
 
Figure 13. Summary of reactions that proceed via E pathways.     
Ketimines have a smaller energy difference between E and Z forms and both 
pathways are possible. While acyclic substrates can freely equilibrate, cyclic 
substrates are locked in a Z configuration and can only proceed via Z pathways.  
 
 
 
Figure 14. Examples of reactions that proceed via Z pathways.      
 Our previous study into the origin of stereoinduction based on substrate structure has 
suggested that structure of the starting material can be used to provide stereochemical 
information about the transition state.21 Specifically, our study showed that if the 
ground state energy difference between the E and Z imine was large, the E transition 
state prevailed. In contrast, if there was a relatively small energy difference the 
reaction generally proceeded via the Z imine. This guideline allows a prediction of the 
preferred transition state to be made from analysis of the ground state preference of 
the imine, which is generally much easier to calculate or to estimate. This simple 
model is able to capture a number of results that are neither intuitive nor predictable. 
In 2009 Antilla et al. reported the transfer hydrogenation of enamides.45 The 
stereochemical outcome is consistent with a Type I E pathway except for two 
examples, one of which was the reduction of (2-methoxyphenyl)-methyl-ketone 
derivative. The major compound has the opposite stereochemistry and lower 
enantiomeric excess (ee) than if the acetophenone derived enamide was reduced. It 
was not altogether clear why such a small structural modification could lead to such a 
dramatic change in result. On the basis of this, ONIOM calculations were performed, 
considering all possible pathways. It was found that the preferred pathway changed 
from Type I E to Z.21 Such a change is captured with our model. The high energy 
difference between the E/Z imine and its protonated counterpart for 7 suggests that E 
selectivity will be good and the dramatically reduced E preference suggests that E/Z 
selectivity will be poor for 8 (Figure 15). Although ground state preference of the 
imine has a big impact on the E/Z preference of TS structures, this preference is also 
determined by the relative stability of the product conformation that followed in the 
reaction path. Based on QRC calculations, which connect transition states with their 
corresponding ground states,53 an approximation of a TS structure could be obtained 
by “averaging” the geometries of the minima from the reactant side and in the product 
side. Therefore, a fraction of all factors that stabilizes (or destabilizes) the reactants 
are present in the TS, because the TS still resembles the reactants. But with the same 
reasoning, a fraction of all factors that stabilizes (or destabilizes) the product are also 
noticed in the TS structure. An earlier TS structure will be less sensitive to these 
factors based on the Hammond postulate. It was determined that the product 
conformations obtained from Z TS structures were more stable than those from E TS 
structures. This information is not helpful in building a model for predicting the 
enantioselectivity but was essential in understanding that the most stable reactant is 
not always the one favored in the reaction process. A thorough study of eighteen 
substrates and three different reactions concluded that the aldimine transition state 
structures are always E and methyl ketimine transition state structures favour Z, 
unless the mean imine/iminium E structures are preferred to Z structures by more than 
3 kcal mol-1.  
  
Figure 15. Prediction of reaction pathway based on the assumption that the transition 
state geometry is between that of the imine and iminium.  
  
Type I or Type II transition state: nature of the nucleophile 
For most nucleophiles, such as HCN and the Hantszch ester, the H-bond that holds 
the nucleophile to the catalyst is in line with nucleophilic site. However, in some 
cases the bond may be displaced to one side. Examples of such nucleophiles include 
the indoles: the nucleophilic carbon is not in line with the H-bond. This can promote a 
Type II process, but only if it is reinforced by a small N-imine and a large coplanar 
substituent. 
  
 
Figure 16. Examples of reactions that proceed via Type I pathways with displaced 
nucleophiles. 
 
 
 
Figure 17. Examples of reactions that proceed via Type II pathways. 
Enamide derived nucleophiles fall into this class and generally proceed through Type 
II pathways. One intriguing example was the reversal of stereochemistry with ene-
carbamates and acyl imines (Figure 18). Calculations show that the same type of 
effects governs the stereochemistry. For reaction (a),60 the Type II TS is preferred: the 
Cbz group on the nucleophile is large and pushes the sterically less demanding 
nucleophilic carbon toward the right-hand side of the catalyst. The phenyl group (R2) 
of the imine electrophile needs more space on the right-hand side than the Boc group 
(R3) that can rotate the tert-butyl group out of the way.  R3, therefore, is less sterically 
demanding than R2. The corresponding Type I transition structure has a higher energy 
because the phenyl of the imine and the Cbz of the nucleophile have unfavorable 
steric interactions with the BINOL-phosphoric acid substituents. For reaction (b),10 the 
Type I pathway is lower in energy; in this case the benzoyl N-substituent is sterically 
more demanding than the phenyl group.  
  
 
 
Figure 18. Addition of enecarbamates to imines.  
Based on our theoretical studies and the literature results we have summarized the 
factors that contribute to the reaction pathway in Figure 19. The reactants follow 
either the right hand or left hand pathways, and the choice is controlled by the four 
factors listed: R3 size, R2 size, nucleophile type and imine configuration. The 
underlying feature of the pathways is the desire for the reactants to minimise steric 
interactions with the 3,3’ substituents. It is, therefore, unsurprising that large N-imine 
substituents (R3 in Figure 19) favor Type I processes and small substituents bias 
towards Type II. Similarly, a large group on the other end of the imine (R2) would also 
avoid the 3,3' substituents and so a large R2 favors Type II. The nature of the 
nucleophile is also very important: displaced nucleophiles, such as indole, favor Type 
II processes. A Z transition state makes it possible to placing two large groups away 
from the majority of the steric bulk. However, to proceed through such a pathway the 
configuration will need to be accessible. The likelihood of a Z transition state can be 
estimated from the energy difference between the E and Z imine ground states. An 
energy difference of less than 3 kcal mol-1 in favor of the E ground state suggests that 
a Z preference is possible.  
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Figure 19. Reaction pathway spectrum. The effects of various features on the 
stereoselective outcome are shown.  
 
 
 
CONCLUSION 
Computational methods have become increasingly useful for modelling catalytic 
reactions. Such methods have evolved to provide new understanding of experimental 
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results, with detailed insights into mechanisms and origins of stereoinduction. 
However, for many-atom systems, it was impractical to study reactions by very 
accurate methods until it became possible to use ONIOM approaches. Rationalising 
the outcome and enantiomeric excesses of these complex reactions is now feasible. 
Summarising the calculations into a simple qualitative model, Figure 19, represents a 
powerful tool for predicting the stereochemical outcome of phosphoric acid catalyzed 
nucleophilic additions to imines and is a quick and easy method for the prediction of 
reaction pathway and stereoselectivity.  
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